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Abstract 
In machining, wear formation changes the effective geometry of the cutting edge which directly influences the mechanics of 
cutting. Analysis of the cutting mechanics and determination of the corresponding machining performance with a worn edge is of 
significant importance in terms of tool design, surface integrity, and process optimization. In the present study the effective 
geometry of the cutting edge was analyzed prior to cut by employing the circular regression method. Experimental cutting tests 
were performed and the effect of cutting time on the wear progression was investigated at several time intervals. The worn edge 
geometries were used to build the Arbitrary Lagrangian - Eulerian finite element cutting models in ABAQUS/Explicit. The models 
were validated by comparing the simulation results with the experimental findings of machining forces and chip thicknesses. The 
validated models were then employed to investigate the effect of wear geometry on the contact stresses, plastic deformation, and 
temperature distributions in the cutting zone. 
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1. Introduction  
In machining the geometry of the cutting edge 
determines the machining forces, stress, strain as well as 
the temperature distribution in the cutting zone. 
Determination of these parameters leads to the 
understanding of the mechanics of cutting. Over the 
years with improving the finite element methods and 
slip-line field theory, the cutting mechanics have been 
studied based on more realistic edge geometries. 
Denkena et al., [1] investigated the effects of 
symmetrical and asymmetrical round cutting edge 
geometries on the machining forces, material flow, and 
temperature distribution in the cutting zone. Yen, et al. 
[2], using finite element, investigated the effect of radius 
of round edges and chamfer angle and land width of the 
chamfered edges on the machining forces, plastic 
deformation as well as stress and temperature 
distributions during orthogonal cutting process. 
By considering the fact that wear is formed on the 
cutting edge as the cutting time is increased, Trigger [3] 
experimentally measured the temperature of the flank 
sides of new and worn inserts using a lead sulfide 
radiation sensor. The rake face temperature was then 
determined from the flank temperature based on a 
geometric electronic analog. Based on the results with 
larger flank wear length, the temperature of both flank 
and rake faces increased while the peak temperatures on 
both faces occurred at a distance from the tool tip. 
Kountanya and Endres [4] experimentally investigated 
the coupled effects of cutting edge radius and flank wear 
on the machining forces. They concluded that when the 
uncut chip thickness was larger than the edge radius of 
the tool, the feed force increased at a faster rate than the 
cutting force. Huang and Liang [5] analytically modeled 
the cutting temperature distribution when the flank wear 
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was formed. Their model showed that the hottest zone 
along the flank face was located at a certain distance 
away from the tool tip. Ng, et al., [6], using finite 
element, investigated the effects of a series of flank wear 
lengths on forces, cutting temperature, and residual 
stresses. It was shown that as the flank wear length 
increased, the overall temperature of the cutting system 
increased and the location of the hottest zone in the tool 
was transferred from the rake face to the flank face and 
away from the tool tip. The increase in the flank wear 
length also generated more tensile residual stresses in the 
newly machined surface. 
 The objective of this study is to build physics based 
finite element cutting models with the actual cutting 
edge geometries at different cutting times. The reliability 
of the models has been validated with experimentally 
acquired machining forces and chip thicknesses. The 
validated models were then employed to analyze the 
effect of wear geometry on the plastic deformation as 
well as the stress and temperature distributions in the 
cutting zone. 
2. Experimental Work 
The orthogonal cutting was achieved through 
perpendicular plunging of the cutting edge with the 
uncoated triangular insert, TNMG332QM-H13A, into 
the fins machined on the surface of an AISI 1045 
cylinder. The cutting speed and feed rate were fixed at 
250 m/min and 0.2 mm/rev. The overall cutting 
experiment was planned for 12 s which was divided to 
four 3 s steps. Based on the cutting conditions and 
geometry of the fins, machining each fin corresponded 
to 3 s. Machining forces were measured using a 
calibrated piezo-electric dynamometer and chips were 
collected for laboratory analysis. 
Prior and during the cut, the new and used cutting 
edge geometries were analyzed based on the principles 
of the circular regression method developed in [7]. 
Applying these principles the cross section of the new 
cutting edge was realized to be circular with the radius 
stant 10 deg gradient with 
respect to the clearance face. It was also observed that 
chip breaker exists on the rake face of the new insert, 
clearance face. At 3 s and 6 s of cutting time, crater wear 
was formed in the chip breaker while at 9 s and 12 s it 
was extended outside the chip breaker. 
3. Finite Element Modeling 
3.1. Geometry 
In constructing the two-dimensional cutting models 
small sections of the tool and workpiece material in the 
vicinity of the cutting zone have been considered. The 
simplified geometries of the cutting edges have been 
used which means that the irregularities on the tool faces 
and the curvature of the chip breaker surface have been 
ignored. Also the presence of crater wear was only 
considered at 9 and 12 s of cutting time and its geometry 
was considered to be similar to that of the chip breaker 
while its vertical distance with respect to the clearance 
with respect to the clearance face. The cutting edges 
shown in Figure 1 have then been rotated counter 
clockwise by 6 deg in order to include the effect of the 
tool holder in the models. In modeling the worn edge 
geometries a sharp corner is produced at the intersection 
of flank wear and cutting edge radius. Since in reality a 
sharp corner would not be present a fillet with the radius 
m was used at the intersection. 
 
 
 
Fig. 1. Cutting edge geometry after cutting for (a) new edge, 0s, (b) 3 s, (c) 6 s, (d) 9 s 
and (e) 12 s Fig. 2. Boundary Conditions 
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3.2. Boundary conditions 
Based on the principles of ALE cutting models, [8], 
the regions of workpiece material in front of and below  
the cutting edge, which undergo severe deformation, 
have been constrained from moving in x and y 
directions, Figure 2. The regions of the material which 
form the final chip geometry and the machined surface 
have been left unconstrained. Therefore, these final 
geometries as well as the chip-tool contact length would 
be formed through the natural de-formation of the 
elements attached to the work-piece material. The 
bottom and the rest of the work were constrained from 
moving in the y direction. 
3.3. Material 
The tool and workpiece material were assumed to be 
isotropic and homogenous. The mechanical and thermal 
properties of tool and workpiece can be found in [9, 10]. 
The Johnson-Cook plasticity model shown in Equation 
(1), has been used to include the effects of strain, strain 
rate, and temperature on the deformation of workpiece 
material [11]. 
 
)/ln(1)( 0pl
n
pl CBA  
      mrefmeltref TTTT /1  
(1) 
 
In this model “ ”, “ pl ”, “ pl ”, “ 0 ”, and “T”, 
represent the Von Mises flow stress, the equivalent 
plastic strain and strain rate, the initial strain rate, and 
the operating temperature respectively. In Eq.(1), “A”, 
“B”, “n”, “C” and “m” are the material constants which 
have been obtained at the reference temperature “ refT ” 
and were equal to 553.1 MPa, 600.8 MPa, 0.234, 0.0134, 
and 1.0. The initial strain rate and reference temperature 
were 1.0 s-1 and 25°C [10]. 
In defining the properties of the workpiece material, 
the heat generated per unit volume due to its plastic 
strain has been considered as mplQ  in which m  
is the inelastic heat fraction module and was assumed to 
be 0.9,  is the plastic flow stress, and  the strain rate. 
Therefore the present study assumed that 90% of the 
mechanical energy consumed for plastic deformation of 
the workpiece material has been converted into heat. 
3.4. Contact and friction 
Based on pin on disk experimental results, when 
contact pressure was increased from 900 MPa to 1850 
MPa the coefficient of friction ranged from 0.22 to 0.11 
[12]. In the present study the interfacial contacts 
between tool and work were modeled based on the 
principles of Coulomb friction law and the coefficient of 
friction has been considered as constant 0.2. 
Using the Coulomb law, the sticking and sliding 
regions are identified based on the inequalities in Eq. (2) 
and (3); 
 
; Sliding Region (2) 
; Sticking Region (3) 
 
At the tool-chip and tool-workpiece interfaces, the 
generated heat flux density due to the friction has been 
considered as )/( tSq fff  in which f  is the 
frictional stress at the interface, S  is the incremental 
slip, and  t  is the time increment [6]. The parameter 
f  has been defined as the fraction of dissipated energy 
during frictional slip converted into heat. In the present 
study f  has considered as 1.0. 
The fraction of converted heat at the interfaces which 
is distributed into the chip or work surfaces has been 
defined through the parameter H  and is a function of 
effusivity or heat absorption of the tool and workpiece 
material and is shown in Eq. (4) and Eq. (5): 
 
)/( twwH EEE   (4) 
2/1
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In which k  is the thermal conductivity,  is the 
density, and pc  is the specific heat capacity. For the 
combination of carbide and AISI 1045, H was 
calculated as 0.53. 
 
4. Results and Discussions 
Figure 3 (a) and (b) compares the simulated and 
experimentally acquired cutting and feed forces 
respectively at different cutting times. Based on the 
experimental data both cutting and feed forces increased 
with longer cutting time. However, the rate of increase 
in the feed force was higher when compared to cutting 
force. Similar trend was found in [4]. The simulated 
results showed similar trends, which agreed well with 
experimental data. 
At longer cutting time, the contact area in the flank 
region was increased. For a material element moving 
over the flank face, the major force component is 
perpendicular to the flank face which acts in the feed 
force direction. On the other hand, increasing the cutting 
time did not change the magnitude and distribution of 
the normal and frictional stresses acting on the underside  
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Fig. 3. (a) Cutting Forces, (b) Feed Forces Fig. 4. Chip Thickness 
 
of the chip along the tool-chip interface region, as shown 
in Figure 7(a). Based on this analysis, as the cutting time 
increased the rate of increase in the feed force was 
higher when compared to the cutting force. 
Figure 4 illustrates the simulated and experimental 
chip thicknesses at 3 s to 12 s. The models predicted 
almost constant values of chip thicknesses as opposed to 
the experimentally observed increasing trend in the chip 
thickness as the cutting time was increased. The 
magnitude of chip thickness is related to the un-
deformed chip thickness, shear angle, and the effective 
rake angle [13]. The effective rake angle would be 
different from the tool rake angle if the ratio of cutting 
edge radius to the uncut chip thickness is large and close 
to one, [14]. Based on the simulated results, the shear 
angle was not affected when the cutting time was 
increased. Also the effect of wear on the effective rake 
angle was insignificant due to the large constant value of 
un-cut chip thickness, 0.2 mm/rev. Therefore, the 
predicted constant trend in chip thickness seemed to be 
reasonable, based on the input data defined for the 
models. 
Figure 5 shows the effect of flank wear length on the 
plastic flow stress distribution. When the tool was new, 
the regions of high plastic stress were located in the 
primary shear deformation zone (PSDZ), along the 
secondary deformation zone, and beneath the flank face, 
which was bounded by the line region. The tertiary 
deformation zone is found beneath the tool-workpiece 
interface. With reference to Figure 5(b) to (e), as the 
cutting time and flank wear were increased, the tertiary 
deformation region extended along and perpendicular to 
the contact region between the workpiece material and 
flank face. As the flank wear increased, the volume of 
workpiece material transferred beneath the flank face 
was increased. With larger volume of material beneath 
the flank face, more energy is required to move and 
deform the workpiece material to generate the finished 
component. This phenomenon which also increased the 
machining forces, Figure 3, resulted in the extension of 
tertiary deformation region. The PSDZ was not affected 
by the cutting time and wear. This was due to the fact 
the chip thickness (Figure 4) and the temperature of the 
workpiece material passing through the PSDZ, Figure 6, 
were constant. Furthermore, the distribution of plastic 
stress in the secondary deformation region was 
insensitive to the increase in the cutting time and wear 
formation, as shown in Figure 5.  
Figure 7 (a) and (b) shows the frictional and normal 
stresses distribution on the tool faces respectively. When 
the tool was new, 0 s, the magnitude of the frictional 
stress was at its maximum in front of the tool tip.  
 
  
Fig. 5. Plastic Flow Stress Distributions Fig. 6. Temperature in PSDZ 
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Fig. 7. (a) Frictional and (b) Normal Stresses on Tool Faces 
 
As the chip moved along the tool-chip interface it 
fluctuated while gradually decreasing. In the present 
analysis the position of the tool tip or the reference point 
which separates the rake face from the flank face was 
determined at where the frictional or shear stress on the 
work material changed direction. The direction of the 
shear stress defines whether the material moves up the 
rake face as part of the chip or becomes part of the 
machined surface. It should be noted that the absolute 
values of the frictional stresses have been used. As the 
tool wore, the frictional stress at the rake face region was 
not affected and stayed very similar to that observed 
when the tool was new. On the other hand, the frictional 
stress at the flank face region followed an increasing 
trend up to the last contact point. Based on the results 
shown in Figure 7(b), the normal stress at the flank face 
region followed an increasing trend while it was not 
affected along the rake face. 
The magnitudes of normal and frictional stresses 
along the flank face were higher when compared to 
those along the rake face. This is likely due to the 
difference in the nature of the secondary and tertiary 
deformation regions. Along the secondary deformation 
zone, energy is required to move the chip elements along 
the rake face and the chip is allowed to curl away from 
the tool. On the tertiary contact region the workpiece 
elements must be further deformed to generate the 
required finish surface. 
Based on the results shown in Figure 8(a), when a 
new tool was used, the location of the hottest zone in the 
tool was on the rake face and at a distance away from the 
tool tip, which was also observed by Denkena et al. [1] 
and Trigger [3]. The average temperature of the rake 
face was higher than that of the clearance face as shown 
in Figure 9. This was because majority of the heat was 
generated in the primary and secondary deformation 
zones and size of the tertiary deformation zone was 
limited to a small area in front of the tool edge radius. 
Moreover, in this case there was no contact between the 
machined surface and tool clearance face. Therefore, the 
generated heat in the cutting zone was free to be 
dissipated into the surrounding environment. With 
reference to Figures 8 (b) to (e), the temperature of the 
cutting system increased with larger flank wear and the 
location of the hottest zone along the flank face of the 
tool gradually moved away from the cutting edge. 
Similar observations were made by [3] from 
experimental results and [5, 6] from simulation. 
Figure 5 showed that the formation of flank wear 
resulted in the extension of the tertiary deformation 
region. As the tertiary deformation region grew in size, 
 
  
Fig. 8. Temperature Distribution Fig. 9. Tool Average Temperature 
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the volume of material plastically deformed increased as 
well. Considering m , the heat generated due to 
plastic deformation, the extension of tertiary 
deformation zone resulted in the increase of heat induced 
by plastic straining. It was also realized that the 
increased in the flank wear resulted in larger contact 
length between the tool and workpiece material. At the 
same time, according to Figure 7(a), the frictional stress 
along this interface was following an increasing trend. 
Therefore, larger flank wear resulted in more workpiece 
material elements coming into contact with the tool 
under an increasing frictional stresses. Consequently, 
larger flank wear resulted in the increase of heat flux due 
to frictional slip which was calculated from 
)/( tSff . Therefore, more heat was generated in 
the cutting system which resulted in the increase of the 
temperatures of the flank and rake faces as shown in 
Figure 8. The flank wear formation did not affect the 
plastic stresses in the primary and secondary 
deformation regions as well as the frictional stresses 
along the tool-chip interface. The heat generation in 
these regions were similar even with larger flank wear. 
5. Conclusions 
In terms of plastic flow stress, it was realized that the 
increase in the flank wear size resulted in the larger 
plastic region in the tertiary deformation region. The 
increase in the flank wear did not affect the primary and 
secondary deformation regions significantly. 
As the flank wear increased, the distribution of 
normal and frictional stresses on the tool-chip interface 
did not change and followed the gradual decreasing 
trend. However, along the workpiece and flank face 
interface, both frictional and normal stresses followed an 
increasing trend while their magnitudes were higher than 
those observed in the tool-chip interface. 
Formation of flank wear resulted in increase of heat 
generation due to plastic deformation and frictional slip 
at the interfacial region of workpiece and flank face 
interface. As the result, more heat was conducted into 
the tool from its flank side. Therefore, the location of the 
hottest zone in the tool was transferred to the flank face 
from the rake face. 
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